In this study, the effect of CuO nanoparticles (NPs) on partial nitrification (PN) process was investigated at various pH values. The short-and long-term experiments were carried out in six identical reactors, with or without CuO NPs, at pH values of 6.5, 8.0 and 10.0. The ammonia oxidation, reaction rates, copper content, and the microbial community were investigated. The results of this work suggested that CuO NPs inhibited the ammonia oxidation by aerobic ammonia-oxidizing bacteria (AOB), under both the acid and alkali conditions. AOB could resist the acid condition but was significantly suppressed when CuO NPs was fed, and the low pH did not aggravate the inhibition level. Almost all the bacteria lost bioactivity under the pH as 10.0, while anaerobic ammonia-oxidizing bacteria survived. The acid condition increased the Nitrosomonas relative abundance while the alkali condition lowered it. More than 60% of the supplied CuO NPs was discharged via effluent.
treatment systems [18] , nitrogen and phosphorous wastewater removal systems [19] , anammox 1 wastewater treatment systems [7, 20] , as well as the PN process used in wastewater treatment 2 [21] . However, a gap of knowledge still exists in our understanding of CuO NP effects on these 3 systems at differing pH values. Upon entering the environment or wastewater treatment system, 4 NPs may aggregate, settle or release Cu (II) [10, 14, 22, 23] , with the fate of the NP being 5 dependent on the pH of the bulk liquid. Acidic conditions may increase the release of Cu (II) by 6 CuO NPs, while copper hydroxide may be formed under alkaline conditions [22, 24] . Since the 7 state of CuO NPs is significantly affected by pH and the state of the NPs directly influences their 8 subsequent effects on biological wastewater treatment system, it is necessary to enhance our 9 understanding of CuO NPs on the PN process at various pH values. 10 In this study, the short-and long-term impacts of CuO NPs at various pH values on the 11 fate of the NPs, the nitrogen removal performance and the microbial community of the PN 12 system were investigated. The results of this work provide new information with respect to the 13 fate of CuO NPs that enter sewage treatment system and the subsequent effects on PN processes. A parent sequencing batch reactor (SBR) identified as R0 was used to supply the inoculum 18 sludge for the design phase of this study. R0 was operated as a high-rate PN process for longer 19 than one year. For the present experiment, the sludge in R0 was equally divided into six reactors, 20 respectively named R1, R2, R3, R4, R5, and R6, with effective volumes of 1 L each, as shown in 21 Fig. 1 . The initial mixed liquor suspended solids (MLSS) of each reactor was 2.5 g/L. The 22 4 h. The experiment was triply carried out, and the average results were used to calculate the 1 reaction rates. After each experiment, the sludge was washed using synthetic wastewater. The 2 ammonia removal rate (ARR), nitrite production rate (NPR), and TN removal rate (TRR) during 3 the short-term experiment were calculated as follows:
The long-term experiment was conducted for 60 cycles. Each cycle was comprised of the 10 following stages: feed fill for 5 min, reaction 8 h, settling 0.5 h, standby 2 h. The volumetric 11 exchange ratio for each cycle was 80%. Ammonia removal efficiency (ARE) and total nitrogen 12 (TN) removal efficiency (TRE) during the long-term experiment were calculated as Eq. (4) and 13 (5).
. The CuO distribution was measured in the following phases, (a) copper in the effluent, (b) 7 copper in the soluble microbial products (SMP), (c) copper content in extracellular polymeric 8 substances (EPS) and (d) copper in sludge. The mixed sludge liquor (10 mL) at the end of the 9 experiment was obtained and settled for 0.5 h, then 8 mL effluent was obtained for measurement 10 of copper in the effluent. The remained sludge was centrifuged at 8000 rpm for 5 min, then 1 mL 11 liquor was obtained for detecting the copper in the SMP. Then 9 mL PBS was added to the 12 sludge and heated at 80°C for 0.5 h, to extract the EPS, the obtained EPS was used for detecting 13 the copper content in the EPS. The remained sludge was digested using strong acid and used to 14 detect the copper content in sludge. The copper content in the four components was determined 15 using atomic absorption spectroscopy (AAS-5000, Germany) after multiple dilutions. The To verify the TN removal mechanism in R5 and R6 at high pH, batch experiments were 1 performed at the end of the long-term experiments of R5 and R6. A control batch reactor was 2 operated in addition to R5 and R6. The operation of the control reactor was identical to R5 and 3 R6, however, R0 was not inoculated with activated sludge. The three reactors were mixed with 4 aeration for 8 h, after being supplied with the same feed like that for the long-term experiments.
Batch Experiments to Determine TN Removal in R5 and R6

5
The experiment was triplicated and the average influent and effluent data were used to determine 6 the TN removal. The nitrogen removal performance of R1, R3, and R5 were compared to evaluate the pH 9 effect, while R2, R4, and R6 were compared to analyze the combined effects of pH and CuO 10 NPs. Compared R1, R3, and R5, the ARR in each reactor was 3.05, 1.90 and 1.89 mg N/h/g SS, 11 while the NPR was 3.02, 1.60 and 0.16 mg N/h/g SS. ARR in R1 was the highest, this was 12 attributed to the pH is most optimal for the AOB population, as proved in several previous 13 studies [21, 26, 27]. It was notable that although the ammonia removal in R3 and R5 were 14 similar, the NPR was very low in R5. The TRR result suggested that the nitrite was consumed or 15 no nitrite was produced. For TN removal, the TRR in R1, R3, and R5 was 0.04, 0.35 and 1.73 16 mg N/h/g SS, respectively, suggesting the significant increase in TN removal at high pH as 10 in 17 R5. It was interesting that the TRR was approximately to the ARR, while NPR was very low, so 18 the ammonia removal was likely attributed to ammonia stripping as the pKa of ammonia is 9.25.
Results and Discussion
19
The nitrogen removal performance in R2, R4 and R6 were similar in trend to the 20 performance of the R1, R3, and R5 reactors; with the ARR of R2, R4, and R6 being 2.45, 1.60 21 and 2.1, the NRP being 2.34, 0.70 and 0.16, and the TRR being 0.17, 0.95 and 1.95 mg N/h/g SS, 22 respectively. The ARR in R2 was the highest, while the TRR in R6 was the highest. Moreover, 1 the NPs appear to promote TN removal, which could be attributed to the NPs enhancing the 2 activity of the anammox (AnAOB) population that consume nitrite. Even though the TN removal 3 in each reactor with NPs was higher than that without NPs, the effect of NPs was lighter than 4 that of the pH. The low pH of 6.5 also improved the TN removal, which was likely due to Cu (II) 5 release under acidic conditions that enhance the AnAOB activity. These results suggest that both 6 acid and alkali pH decrease the ammonia oxidation, but lead to higher TN removal. NPs 7 decreased the ammonia oxidation at pH values of 6.5 and 8.0, while increasing ammonia 8 oxidation at a pH of 10, likely due to the free ammonia stripping at alkali pH values. The 9 mechanism related to CuO NPs and pH effects still required further study, hence the long-term 10 experiments of this study was performed. 5.0%. In R2, the influent ammonia was approximately 176.6 mg/L, it was higher than that in R1 1 because more ammonia remained in the reactor at the end of each cycle. to that of R2. The results in R3 and R4 suggest that the AOB remain viable during acid 12 conditions, but could not remain viable when exposed in CuO NPs under the acid condition.
13
Furthermore, it is likely that cell death with CuO NPs addition induced denitrification or the 14 release of Cu (II) that in turn induced anammox in R3.
15
In R5 and R6, the two reactors demonstrated similar nitrogen removal performance. removed instead of accumulating as nitrite in the reactor. Additionally, after the long-term 4 experiment, the sludge in R5 and R6 turned to be earthy yellow, indicating the poor activity of 5 the microorganisms. As shown in Table 1 , the DO in R5 and R6 were much higher than other 6 reactors when the aeration rate for each reactor was identical. It was attributed to that AOB lost 7 its activity and could not oxidize ammonia using oxygen. As a result, no oxygen was consumed 8 but remained in the reactor and manifested as high DO. The high DO reflected the poor oxygen 9 consumption and further proved the poor bioactivity of AOB.
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Considering the FA (NH 3 ) smell released from R5 and R6 during the experiment, it was 11 speculated that the ammonia was removed via FA production and stripping. To verify this 12 speculation, batch experiments performed in a control reactor, without activated sludge, were 13 conducted, and the results are shown in Fig. S1 . It could be seen that the ARE was 38.8%, 40.7%, 14 and 42.7%, respectively in the control, R5, and R6, while the TRE was 38.1%, 40.0%, and 15 42.0%. That is, the ammonia removal in R5 and R6 was not statistically significantly different 16 from the control and hence the ammonia removal in R5 and R6 is not attributed to the ammonia 17 oxidation. The fact is that the high pH limited the AOB bioactivity but induced the AnAOB.
18
Since little nitrite could be supplied to AnAOB, the TN removal was limited. As a result, only a 19 small proportion of ammonia was removed by the AnAOB population. The elevated percent 20 abundances of the AnAOB population in R5 and R6 (shown below) support this inference.
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Additionally, the TRE in R6 was higher than that in R5, with similar results being observed in 22 R2 and R4. As such, the CuO NPs was shown to support the growth of the AnAOB population 1 relative to the microbiome. attributed to the fact that some copper accumulated in the reactor as a precipitate.
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Correspondingly, the copper concentration in R4 was the lowest, while the copper content in the 20 effluent of R4 was the highest. The acidic conditions of R4 resulted in more copper ions exiting the concentration in the effluent was the highest. The elevated concentration in the effluent is 2 attributed to the fact that most of the CuO NPs exited from the reactor as Cu (II) and hence was 3 released under acidic conditions. That is, the acidic conditions were shown to not be optimal for 
Microbial Community Results Under Different Condition 4
Sludge samples were collected from the six reactors and analyzed for their microbial community.
5
As shown in Table 3 The similarity between every two reactors was summarized in Table S1 . It could be seen 1 from the Beta diversity result that the similarity between R1 and R2 was 0.90, while those in R1 2 and R3, and R1 and R5 was only 0.67 and 0.64, respectively. That between R2 and R4, R2 and 3 R6 were only 0.80 and 0.66. The relative low similarity suggested that the pH variation led to the 4 significant different shift of the microbial community components, while the acid condition 5 performed slighter effect with CuO NPs addition. In addition, the similarity between R3 and R4 6 was 0.76, while that between R5 and R6 was 0.88, which was higher than the reactors with 7 different pH. This result suggested that the CuO NPs performed lower influence than the pH 8 condition on the microbial diversity, and it performed the lowest effect in alkali condition.
9
The first fifty bacteria in the genus level are shown in Fig. 5 , and the relative abundance Denitratisoma were also detected in the six reactors, which afforded the TN removal work. In 7 the three reactors with CuO NPs addition, both the relative number of AAOB and denitrifying 8 bacteria increased, also indicating the positive effect on these two bacteria. 
